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Abstract 
We have invest igated the possibi l i ty  of  the phase 
mode ope ra t ion ,  i . e .  t he  mode t o  t r a n s f e r  t h e  f l u x o i d ,  
not to  t ransfer  the  vol tage  pulse ,  o f  Josephson swi tch-  
ing system by f a b r i c a t i n g  a r s i s t ive ly  coupled  D . C .  
SQUID's a r r a y  and kJ-loop which are expected t o  be 
advantageous in miniaturization by using i t s  l a r g e  
k i n e t i c  momentum e f f e c t .  The th re sho ld  cha rac t e r i s t i c s  
of these superconducting loops and i t s  L I  dependence 
ag reed  wi th  the  theo re t i ca l  p red ic t ions .  'The phase 
mode log ic  ac t ions  were v e r i f i e d  t o  o p e r a t e  r e a l l y  i n  
a res i s t ive ly  coupled  D.C.SQUID's and a coupled D.C. 
SQUID with a 4J-loop. A computer  simulation showed 
t h a t  a res i s t ive ly  coupled  SQUID's a r ray  ac ts  bo th  on 
phase mode and voltage mode by changing  the  c i rcu i t  
parameters ,  bu t  tha t  the  two modes a re  c l ea r ly  sepa ra t -  
ed i n  a parameter space. Finally we have shown a t o t a l  
system configuration of the phase mode operation. For 
t h e  power l o s s  and the information processing speed, 
the phase mode was v e r i f i e d   t o  have an advantage over 
the  ord inary  vol tage  mode by two orders  of magnitude. 
Introduct ion 
We have i n v e s t i g a t e d  i n  t h i s  p a p e r  t h e  p o s s i b i l i t y  
of the phase mode operation' of Josephson switching 
system by f a b r i c a t i n g  a res i s t ive ly  coupled  D.S.SQUID's 
a r r a y  and 4J-loop's which are superconducting loops 
containing four  ser ies  Josephson junct ions and show 
l a r g e  k i n e t i c  momentum quantum e f f e c t . 2  The vol tage 
mode devices which are act ively being invest igated and 
constructed nowadays depend f o r  i t s  o p e r a t i o n  on t h e  
existence of two s t ab le  cu r ren t  ca r ry ing  s t a t e s  at  V=O 
and V=V , On the   o the r  hand the  phase mode devices 
depend @ipthe  many s t a b l e  states separated from each 
o ther  by 2r in  the  phase  d i f fe rence  p lane .  In  the  
phase mode a l l  logic  funct ion can be achieved with the 
i n t e r a c t i o n s  between fluxoids which are employed a s  
information bits without occupying voltage states.  
Although two kind of phase mode action have already 
been reported as flux s h u t t l e  and sol i ton device5 by 
using continuous Josephson lines,  we r e p o r t  i n  t h i s  
paper  the f irst  phase mode o p e r a t i o n  i n  t h e  c i r c u i t s  
constructed by D.C.SQLJID and 4J-loop where one can ex- 
pect  higher  density  system.' To s tudy the difference 
i n  c h a r a c t e r i s t i c s  of t h e  two modes, a computer simula- 
t i o n  was done f o r  a resistively coupled nonsymmetrical 
D.C.SQUID's a r r a y  which showed t h a t  a r e s i s t i v e l y  
coupled SQUID's a r r a y  a c t s  b o t h  on phase mode and volt- 
age mode by changing the  c i r cu i t  pa rame te r s ,  bu t  t ha t  
t h e  two modes a r e  c l e a r l y  s e p a r a t e d  i n  a parameter 
space.  Finally w e  have shown an example o f  t o t a l  
system configuration of the phase mode operat ion.  
Fabricat ion and charac te r i s t ics  of  bas ic  e lements  
We have fabricated D.C.SQUID's and 4J-loop's by us- 
ing  Pb a l l o y  and rf plasma oxidation. The f a b r i c a t i o n  
process i s  the fol lowing,  1). a 4000a-thick niobium 
l a y e r  i s  deposi ted on a Si  wafer  by e lec t ron  beam 
evaporatiog, 2 ) .  t he  su r face  of niobium l a y e r  i s  anodiz- 
ed by 1000A, 3 ) .  S i0  i s  deposited as an  ip su la t ing  
l aye r  w i th  a th ickness  of  3000A, 4). l O O O A  t h i c k  c e s i s -  
to rs  a re  depos i ted  us ing  a AuIn a l l o y ,  5 ) .  a 1500A- 
thick base-electrode i s  formed by sequential  evapora- 
t i o n  of  gold, leab, and indium, 6). A Si0 layer  with 
th ickness  of 3000A i s  formed t o  demarcate  the circular  
junct ion areas ,  
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7 ) .  A tunnel ing  oxide  bar r ie r  i s  formed by rf plasma 
oxidat ion method, 8 ) .  A 45OOA-thick counter  e lectrode 
i s  deposited by the successive evaporat ion of  lead,  
gold,  and lead. The kJ-loop we have fabricated has four 
junc t ions  o f5  p diameter. The minimum l ine  wid th  of  
t h e  p a t t e r n  i s  1 0  m. 
The most bas i c  cha rac t e r i s t i c s  of 4J-loop's are 
threshold  pa t te rns  which demarcate t h e  v o l t a g e  s t a t e s  
and the non-vol tage s ta tes  of 4J-loop's.  Figure 1 
shows the   ca l cu la t ed   t h re sho ld   pa t t e rnso f  a 43-loop by 
using a l inear ized  approximation.  The equivalent 
c i r c u i t  i s  shown i n  t h e  i n s e t .  I n  t h e  f i g u r e  t h e  IC 's 
of  the  four  junc t ions  a re  same, the parameter i s  t h e  
value of L I  , and t h e  diamond-shaped p a t t e r n s  or tri- 
angle pattegns show t h e  quantum s t a t e s  o f  t h e  l o o p .  I f  
L I  < @ o r  t h e  quantum s t a t e s  more than quantum number 
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Fig.1. Threshold curves of a liJ-loop ca lcu la ted  by 
us ing  the  inse t  equiva len t  c i rcu i t  and  l inear ized  
approximation. 
In  o rde r  t o  ob ta in  a threshold curve experimentally,  
we must observe all the  junc t ions  vol tages .  A t  present  
time we measure each junctions voltage individually,  
a f t e r  t h a t  we superpose every pat tern to  get  the whole 
threshold curve.  Figure 2 shows the observed threshold 
curve where voltages of two junct ions were measured. 
The two junct ions correspond to  J1 and J z  junct ions 
shown i n  t h e  e q u i v a l e n t  c i r c u i t  i n  F i g .  1. The whole 
threshold  curve i s  shown i n   F i g .  3. L I  was estimated 
t o  b e  -0.36Oo from t h e  measwement of DfC.SQUID which 
was f a b r i c a t e d  i n  t h e  same p a t t e r n  as the 4J-loop. This 
es t imat ion  agrees  wi th  the  theore t ica l  p red ic t ion  of  
Fig. 1. It can  be  seen  from  Fig. 3 tha t  on ly  th ree  
quantum s t a t e s  n=O, t l  ex i s t  i n  con t r a s t  w i th  D.C.SQUID 
where there aremany quantum s t a t e s  even though LIc  i s  
smaller than O n .  These quantum s t a t e s  and vortex t ran-  
s i t i o n s  i n  t h e  l o o p  are used when t h e  l o g i c  c i r c u i t s  
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Fig.  2. Observed threshold curve of t h e  4J-loop where 
voltages of only two junct ions were measured which 
correspond t o  J1 and JZ junct ions shown i n  t h e  
equiva len t  c i rcu i t  in  F ig .  1. 
Fig. 4. (a) Photograph of a fabricated 2-input phase 
mode l o g i c  c i r c u i t  c o n s i s t i n g  of four D.C.SQUID 
connected by AuIn a l l o y  r e s i s t o r s .  ( b )  I t s  s implif ied 
equiva len t  c i rcu i t .  
Fig. 3. Observed whole threshold curve of the bJ-loop. 
L I  i s  estimated  about  0.3600. 1 1  and 1 2  correspond 
to51  and12  sho1.m i n  Fig. 1, respec t ive ly .  
a re  opera ted  in  the  phase  mode. D . C .  SQUID and  4J-loop 
are  valuable  basic  e lements  for  the phase mode l o g i c  
system. 
Experimental  logic operation 
We have fabr ica ted  e lementary  log ic  c i rcu i t s  of 
phase mode system which a r e  c o n s t r u c t e d  o f  t h e  r e s i s t i -  
vely  coupled D.C.SQUID's o r  4J-loop's. Figure 4 shows 
a 2-input phase mode l o g i c  c i r c u i t  c o n s i s t i n g  of four  
D.C.S@JID's connected by AuIn a l l o y  r e s i s t o r s ,  and i t s  
s impl i f ied   equiva len t   c i rcu i t .  The each   c i rcu lar  
Josephson  junction  has a diameter of 8 and minimum 
l i n e  w i d t h  i s  1 0  m. Th i s  c i r cu i t  was cons t ruc ted  to  
confirm SHIFT, OR, and AND log ic  opera t ions  in  phase  
mode. 
A s  t h e  f i r s t  s t e p  of  log ic  opera t ion ,  res i s tve ly  
connected D.C.SQUID's 2 and 3 of t h e  c i r c u i t  were used 
t o  examine t h e  s h i f t  of a s ingle  f luxoid from 2 t o  3. 
Figures  5 ( a )  and 5 ( b )  show the threshold curve o f  SQUID 
2 and I -V  c h r a c t e r i s t i c s  of SQUID 3, respec t ive ly ,  
L I  's of SQUID'S 2 and 3 were 1.8@0 and 0.3@0, respec- 
t iGely .  SQUID'S 2 and 3 were  used as a generator and a 
detector  of a f luxo id ,  r e spec t ive ly .  F i r s t  t he  b i a s  
current  I f o r  SQUID 2 was a p p l i e d  t o  s e t  SQUID 2 i n  
the stateg;f  n=O, and t o  determine the propagating di- 
r e c t i o n  of a f luxoid .  But it i s  requi red  tha t  I , i s  
smaller  than the smallest  value of the  vol tage  tkans l -  
t i o n   p a r t  of threshold  curve  of SQUID 2. Then I was 
app l i ed  in  the  d i r ec t ion  skiown in  the  equiva len tggi r -  
c u i t  of Fig. 5 and  increased  unt i l  the  SQUID 2 switches 
from n=O t o  n = l  s t a t e .  By t h i s  o p e r a t i o n  a s ingle  
f luxoid  i s  t o  be  sen t  i n to  the  in s ide  of SQUID 2 
through the  le f t  s ide  junc t ion .  When IEc i s  r e s e t  t o  
0 ,  t he  s t a t e  o f  n = l  i s  no more s t a b l e ,  So the  f luxoid  
i n s i d e  would be emitted through the right side junction. 
These motions are expected by the threshold curve of 
SQUID 2 .  We can  measure the individual  threshold curve 
of SQUID 2 and 3, because they are decoupled by a 
res i s tor .  Induct ive  coupl ing  would be more e s s e n t i a l  
than  the  res i s t ive  coupl ing  in  the  phase  mode operation, 
i f  we do not have t o  measure the threshold curve of  
each SQUID. The fluxoid  emission i s  accompanied by a 
cur ren t  gu lse  sen t  to  SQUID 3 through the connecting 
r e s i s t o r  between SQUID 2 and 3. If SQUID 3 i s  enough 
biased. it would be switched t o  a vo l t age  s t a t e  by t h e  
t r i g g e r  of  t h e  small current  pulse  from SQUID 2 .  
Therefore a de tec t ion  of  f luxoid  sh i f t  i s  achieved by 
observing the voltage of SQWD 3. 
Figure  6(a)  shows an experimental SHIFT logic opera- 
t ion observed by using the SQUID 2 and 3 whose characte- 
r i s t i c s  a r e  shown in  F ig .  $. Notice  that  Vd appears 
without Vg appea r ing  in  th i s  mode. It was confirmed i n  
t h i s  measurement t h a t  t h e  v o l t a g e  t r a n s i t i o n  of t h e  
detector  did  not  occur when I was reduced to  ze ro .  
The vol tage mode operation wagealso verified t o  be 
achieved  in  our  c i rcu i t s  as CIL ga tes  by changing bias 
current  and control  current  conditions.   For a compari- 
son the  vo l t age  mode ope ra t ion  in  the  same c i r c u i t  i s  
shown I n  Fig.  6(b). Notice that  Vd appears in  the  ex is -  
tence of both Vg and Vd. The  SHIFT logic  opera t ion  
shown in Fig. 6 (a )  i s  also achieved by using SQUID 1 
and 3, so th i s  opera t ion  cor responds  to  OR l o g i c  i n  t h e  
phase mode. 
Fig. 5. Threshold  curve ( a )  and I-V c h a r a c t e r i s t i c s  
( b )  of SQUID 2 and SQUID 3 shown i n  P ig  4, 
respec t ive ly .  






Fig. 6. ( a )  Experimental SHIFT or OR log ic  opera t ion  
in  the  phase  mode c i r c u i t  shown in  Fig. 4. 
(b)  Voltage mode o p e r a t i o n  i n  t h e  same c i r c u i t .  
An AND logic  opera t ion  in  the  phase  mode i s  shown i n  
Fig. 7 .  Notice that  Vd appears i n  the exis tence of  
both Igcl and Ipcs which a re  the  con t ro l  cu r ren t s  of 
SQUID 1 and 2,  respect ively.  It was confirmed i n  t h i s  
measurement t h a t  Vd did  not  appear,  when e i t h e r  I o r  
I was reduced t o  z e r o .   I n   t h i s   c a s e   t h e  valueg$* 
t%’connect ing resis tor  was so small ( -0.08Q) t h a t  t h e  
generators voltage appeared by t h e   r e f l e c t i o n  from t h e  
de tec tor .  
c i r c u i t  of a res i s t ive ly  coupled  D.C.SQUID and a 4J- 
loop.  In  order  to  confirm the phase mode operat ion,  a 
Josephson sampling system are being prepared. 
These phase mode action have also been observed i n  a 
Phase mode operat ion separated from vol tage mode 
To s tudy  the  d i f f e rence  in  cha rac t e r i s t i c s  o f  t he  
two modes, a computer simulation was done f o r  a r e s i s -  
tively coupled nonsymmetrical D.C.SQUID‘s a r ray  which 
a re  ord inar i ly  used  as the  vol tage  mode devices as 
shown i n  F i g .  8. T h i s  c i r c u i t  a c t s  on both the phase 
mode and the  vo l t age  mode depending upon t h e   c i r c u i t  
parameters. The phase and the voltage mode a c t i o n s  i n  
t h e  same c i r c u i t  a r e  s e p a r a t e d  from each other i n  t h e  
circuit   parameter  plane,   having a c l e a r  boundary as , 
shown i n  t h e  same f i g u r e  where y=Ib/ Ic ,  ~ i=Rc(2~IcC/@o)”~ 
I ’ = G ( @ O / ~ I T I C C ) ~ / ~ ,  2~LIc=O.500,  2~LcIc=0.4@0. 0 and * 
denote the phase and the voltage mode reg ions  respec t i -  
vely.   denotes   the  s ignal   a t tenuat ion  region.  It can 
be seen .from the  f igu re  tha t  t he  phase  mode operat ion 
can be achieved in the region of smaller y compared t o  
the  vol tage  mode operat ion.  The voltage hold time i n  
the phase mode i s  near ly  equal  to  the switching t ime of  
a junct ion-lops,  but  in  the vol tage mode t h a t  i s  equal 
t o  the  cyc le  t ime-ns  owing t o  t h e  l a t c h i n g  mode. 
Therefore ,  for  the  power loss and the information pro- 
cessing speed and density,  the phase mode system have 
an,advantage over the voltage mode system more than two 
order .  
5mAldi v c Idb 
5mAMiv , +Iga 
5mAldiv t Igc2 
2mVIdiv f Vd 
2.5mVldiv f vg2 
2ms/div 
Fig. 7. Experimental AND log ic  opera t ion  in  the  phase  
mode c i r c u i t  shown i n  F i g .  4.  
Fig. 8. S igna l  t r anspor t  r eg ions  in  the  c i r cu i t  
parameter plane which circuit  i s  shown on the upside.  
0 and A denote the phase and the  vol tage  mode regions,  
respec t ive ly .  0 denotes   the  s ignal   a t tenuat ion 
region. 
Total phase mode computer system 
Individual  logic  funct ions of  the phase mode system 
have been already proposed by us .6 But systematic com- 
puter  operat ions in  the system has not  been invest igat-  
ed y e t .  The system operat ion in  the phase mode i s  
l a r g e l y  d i f f e r e n t  from in  the  o rd ina ry  vo l t a&e  mode 
which is  similar t h e  one used inscomputer system con- 
s t r u c t e d  by semiconductor  devices. We present  a simple 
but  to ta l  phase  mode Josephson computer system i n   t h i s  
sect ion.  The computer i s  binary and  asynchronous. 
Word l e n g t h  i s  6 b i t s .  The instruct ion format  consis ts  
of the +bi t  operat ion-code par t  and the 3-bi t  address  
p a r t .  So capacity  of memory i s  48 b i t s .   Avai lab le  in -  
s t r u c t i o n s  o f  t h e  maching i s  7 .  The  number of  
Josephson junct ions to  be used in  the computer i s  e s t i -  
mated t o  be about 8000, without counting the parts of 
s igna l  t ransmiss ion  l ines .  I n  the system f ive elements  
t o  be constructed by oxide tunnel junctions are used 
which a r e  D.C.SQUID, 4J - loop ,  r e s i s to r ,  d i sc re t e  
Josephson transmission line ( D J T L ) ,  and t r i g g e r  t u r n i n g  
Fig. 9.  System configuration of a phase mode Josephson 
computer . 
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Instruction. I Address 
Fig. 10. Control  uni t  of the phase mode Josephson 
computer  system shown in  F ig .  9. 
pc in t  (Ttp) .  F igure  9 shows the  conf igura t ion  of  the  
computer  where I, C ,  CU, M ,  I V ,  A ,  0 ,  T-I ,  and T-It 
denote  input ,  counter ,  control  uni t ,  memory, i n v e r t e r ,  
adder,   output,   terminal I and E ,  respec t ive ly .  S and 
W a r e  s i g n a l s  t o  start t h e  machine and t o  s t o r e  d a t a  i n  
t h e  memory by manual, respectively. Lines with arrows, 
c i r c l e s ,  and broken l ine  denote  D J T L ' s .  T t p ' s ,  and 
r e s i s t o r .  S o l i d  c i r c l e s  mean se t t ing  opera t ions  of  a 
single  f luxoid.   For  example,   the  control  unit  i s  shown 
in  F ig .  1 0  where double squares denote the function 
shown i n  F i g .  11. The bold  l ine  used  in  F ig .  ll(1) de- 
notes a annih i la t ion  func t ion  of  two co l l id ing  f luxo ids  
a s  shown i n  i t s  r i g h t  hand side.  Sqares  denote 4J- 
loop ' s .  The function of Fig.  11(1) i s  explained by us- 
i n g  t h e  t r u t h  t a b l e  a l s o  shown i n  t h i s  f i g u r e ,  namely, 
the propagating direction of fluxoid from I i s  switched 
t o  t h e  o u t p u t  a or b depending upon the  f luxo id  se t t i ng  
a t  t h e  4J-loop. It i s  expec ted  tha t  th i s  func t ion  i s  
also accomplished by the construction of F i g .  l l ( 2 ) .  
The symbol which i s ' u s e d  t o  d e n o t e  t h i s  f u n c t i o n  i s  t h e  
r i g h t  hand s i d e  i n  the  f igu re .  The con t ro l  un i t  shown 
in  F ig .  1 0  as same a s  t h e  o t h e r  computer  elements i n  
our system i s  constructed by using many basic elements 
shown i n  F i g .  11. The address  par t  o f  the  cont ro l  un i t  
i s  connected with the memory.  The bas ic  method o f  t he  
machine operat ion i s  tha t  the  propagat ing  d i rec t ions  of  
a s ing le  f luxo id  a re  con t ro l l ed  by the  s ing le  f luxoid  
s e t t i n g  at  a bJ-loop on t h e  way of the propagating 
f luxoid.  A more de ta i led  explana t ion  of  the  machine 
operat ion w i l l  be presented in a forthcoming paper.7 
Conclusion 
We have inves t iga ted  the  poss ib i l i ty  of  the  phase  
mode operation of Josephson switching system by f a b r i -  
- 
I t  
ca t ing  a res i s t ive ly  coupled  D.C.SQU1D's a r ray  and 45- 
loop which are expected to be advantageous in dense 
packing by using i t s  l a r g e  k i n e t i c  momentum e f f e c t .  
The th re sho ld  cha rac t e r i s t i c s  of these superconducting 
loops and i ts  LIc dependence agreed with the theoretical  
p red ic t ions .  The phase mode log ic  ac t ions  SHIFT, OR, 
and AND were v e r i f i e d  t o  o p e r a t e  r e a l l y  in a r e s i s t i v e -  
l y  coupled D.C.SQU1D's and a coupled D.C.SQUID with a 
bJ-loop. A computer  simulation showed t h a t  a r e s i s t i v e -  
l y  coupled SQUID'S ar ray  ac ts  bo th  on phase mode and 
vol tage mode by changing the  c i rcu i t  parameters ,  bu t  
t h a t  t h e  two modes a re  c l ea r ly  sepa ra t ed  i n  a parameter 
space.  Final ly  we have shown a t o t a l  system  configura- 
t ion  of  the  phase  mode operat ion.  It i s  roughly est i -  
mated t h a t  t h e  machine w i l l  provide about 2OOMIPS of 
computing power. The power l o s s  i s  about  10-7w/gate, 
and i s  about pW i n  t h e  t o t a l  system without counting 
t h e  d i s s i p a t i o n  of current  source par t .  It would be 
expec ted  tha t  for  u t i l i z ing  f luxoids  as  in format ion  
b i t s  t he  phase  mode system i s  more favourable t o  d a t a  
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